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Deregulation of the non-receptor tyrosine kinase ACK1 (Activated Cdc42-associated kinase) correlates
with poor prognosis in cancers and has been implicated in promoting metastasis. To further understand
its in vivo function, we have characterized the developmental defects of a null mutation in Drosophila
Ack, which bears a high degree of sequence similarity to mammalian ACK1 but lacks a CRIB domain. We
show that Ack, while not essential for viability, is critical for sperm formation. This function depends on
Ack tyrosine kinase activity and is required cell autonomously in differentiating male germ cells at or
after the spermatocyte stage. Ack associates predominantly with endocytic clathrin sites in spermato-
cytes, but disruption of Ack function has no apparent effect on clathrin localization and receptor-
mediated internalization of Boss (Bride of sevenless) protein in eye discs. Instead, Ack is required for the
subcellular distribution of Dock (dreadlocks), the Drosophila homolog of the SH2- and SH3-containing
adaptor protein Nck. Moreover, Dock forms a complex with Ack, and the localization of Dock in male
germ cells depends on its SH2 domain. Together, our results suggest that Ack-dependent tyrosine
phosphorylation recruits Dock to promote sperm differentiation.
& 2013 Elsevier Inc. All rights reserved.Introduction
ACK1 (activated Cdc42 kinase), a non-receptor tyrosine kinase
identiﬁed by its ability to interact with GTP-bound Cdc42 (Manser
et al., 1993), has been implicated in diverse cellular functions,
including survival, proliferation, and migration (Eisenmann et al.,
1999; Galisteo et al., 2006; Yang et al., 1999). Mammals have two
ACK1-related genes, ACK1 and TNK1 (also known as TNK2 and
Kos1, respectively), both of which have been linked to cancers.
ACK1 gene ampliﬁcation or elevated ACK1 expression correlates
with the ability of primary tumors to metastasize and poor
prognosis in lung and prostate cancers (van der Horst et al.,
2005). Somatic mutations in ACK1, some of which alter ACK1
activities, are detected in tumor samples (Prieto-Echague et al.,
2010b). TNK1 appears to have a role in tumorigenesis as well, as a
high rate of spontaneous lymphomas and carcinomas were
observed in TNK1 knockout mice (Hoare et al., 2008). Thus, a
clearer understanding of the cellular function of Ack family genes
is necessary to determine their potential value as targets for anti-
cancer treatments.ll rights reserved.
).Ack family genes generally contain a N-terminal SAM (sterile α-
motif), tyrosine kinase, SH3 (Src homology 3), CRIB (Cdc42/Rac
interactive binding domain), proline-rich region, and C-terminal
UBA domains (ubiquitin-associating domain; Fig. 1A). Biochemical
properties of these domains have been analyzed in vitro. The CRIB
domain facilitates interaction with Cdc42 (Yokoyama and Miller,
2003), whereas the SAM domain has been shown to mediate ACK1
dimerization and membrane association (Galisteo et al., 2006;
Prieto-Echague et al., 2010a). Biochemical evidence suggests that
the UBA domain interacts with Nedd4 ubiquitin ligase and
regulates ACK1 and substrate protein stability (Chan et al., 2009;
Lin et al., 2010). The SH3 domain is thought to autoinhibit the
kinase activity by forming an intramolecular complex with the C-
terminal proline-rich regions (Lin et al., 2012). In cancers, ACK1
has been shown to phosphorylate and regulate the function of
androgen receptor, WWOX, and AKT, highlighting the importance
of its tyrosine kinase activity (Mahajan et al., 2005, 2007, 2010).
Tyrosine phosphorylation of ACK1 itself (e.g. tyr284 in the kinase
domain), by either autophosphorylation or other tyrosine kinases,
also inﬂuences its kinase activity (Yokoyama and Miller, 2003).
In Caenorhabditis elegans and cultured cells, Ack is known to
negatively regulate EGFR signaling (Hopper et al., 2000; Shen
et al., 2007), and One possible mechanism is that ACK1 facilitates
clathrin-mediated internalization of EGFR (Grovdal et al., 2008).
Indeed, ACK1 contains multiple clathrin-binding motifs and binds
Fig. 1. Ack is required for spermatogenesis. (A) A schematic representation of Ack genomic region. The Ack coding sequence and untranslated regions are represented by
ﬁlled and open boxes, respectively. The transposon KG00869 is inserted 4 bps 5′ to the putative transcription start site. In Ack86, a deletion allele generated from the excision
of KG00869, the ﬁrst exon, intron, and the ATG start sequences are removed (the extent of deletion is indicated by dashed arrow). The yellow box denotes the ﬂuorogenic
TaqMan oligonucleotides used in panel B. While lacking the CRIB domain, Ack contains SAM (orange), tyrosine kinase (purple), SH3 (green), and UBA (blue). (B) Quantitative
RT-PCR analysis of AckmRNA abundance in testis RNA of various genotypes. ((C)–(J)) Laser scanning confocal micrographs of dj-GFP-expressing w1118 ((C), (E)–(G)) and Ack86/
Ack86 (hereafter referred to as Ack86; (D) and (H)–(J)) testes stained with phalloidin (red) and Hoechst (blue). In (C) and (D), dj-GFP-positive spermatids (indicated by arrows)
are seen in both w1118 and Ack86 testes. In contrast, dj-GFP-positive mature sperm are only seen in w1118 seminal vesicles (indicated by arrowheads). Scale bar¼100 μm. In
(E) and (H), elongated germ cell cysts at the stage before IC assembly (denoted by 1), with IC assembling (denoted by 2), and with IC departed (denoted by 3) are seen in both
w1118 and Ack86 testes. IC migration ((F) and (I)) and morphology (insets) in w1118 and Ack86 testes appear comparable. However, while spermatid coiling is readily observed in
w1118 (G), this process is disrupted in Ack86 testes (J). Scale bar¼20 μm. ((K) and (L)) Quantiﬁcation of the number of elongated germ cell cysts (K) and ICs (L) at various stages
in w1118 and Ack86 testes. For each category, the mean+standard deviation are shown (n¼15 for w1118, n¼14 for Ack86; * indicates po0.001). The level of signiﬁcance was
determined by a Student's t-test.
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2001; Worby et al., 2002; Yang et al., 2001; Yeow-Fong et al.,
2005). In support of the notion that it has a role in clathrin-
mediated endocytosis, overexpression of ACK1 can stimulate
receptor-mediated internalization of transferrin (Teo et al., 2001).
In vivo, ACK1 is enriched in arrested clathrin-coated pits (Shen
et al., 2011), although how it affects clathrin function remains
unclear.
We have used Drosophila to investigate the function of Ack
family genes during animal development. Drosophila, like mam-
mals, has two Ack homologs, Ack (CG14992) and PR2 (CG3969),
located on the 3rd chromosome left arm (64A6) and the 2nd
chromosome right arm (49F3), respectively. Although Ack is more
similar to mammalian ACK1 in amino acid sequence identity, Ack
lacks a CRIB domain, raising the question whether Ack is a true
ortholog of ACK1. Complete removal of Ack function has been
shown to disrupt dorsal closure during embryogenesis (Zahedi
et al., 2008), but the penetrance of this phenotype is low. We show
here that disruption of Ack function causes a fully penetrant
absence of mature sperm, suggesting that spermatogenesis is a
useful system for analyzing Ack function.
Drosophila spermatogenesis consists of multiple well-deﬁned
and easily recognizable stages, which, in combination with muta-
tional analysis, can be used to pinpoint gene functions. The
spermatogonium, produced at the apical tip of testis by asym-
metric germline stem cell division, undergoes additional cell
divisions with incomplete cytokinesis to generate 64 haploid
spermatids (Gonczy and DiNardo, 1996; Hardy et al., 1979). These
round spermatids then elongate in a syncytium, reaching 1.8 mm
in length (Lindsley and Tokuyasu, 1980). The elongated spermatids,
interconnected through cytoplasmic bridges, are then separated
through “individualization”, a process characterized by coordi-
nated movement of actin-based investment cones (ICs) along the
axonemes (Tokuyasu et al., 1972). After individualization, bundles
of mature sperm retract into basal coils and are deposited into the
seminal vesicles.
We provide evidence that Ackmutation causes male sterility by
disrupting spermatid coiling. Ack tyrosine kinase activity is
required cell autonomously in differentiating male germ cells for
sperm formation. In spermatocytes, Ack colocalizes with clathrin-
positive structures around the cell periphery, but Ack with
putative clathrin-binding motif mutated remains functional during
spermatogenesis. Ack colocalizes with Dock (dreadlocks), the
Drosophila homolog of Nck, and is required for Dock localization.
Our results suggest that Ack-mediated tyrosine phosphorylation
recruits Dock, via its SH2 domain, to speciﬁc sites to promote
sperm formation.Materials and methods
Fly genetics and molecular biology
All ﬂy crosses were carried out at 25 1C in standard laboratory
conditions. To determine if the males of a particular genotype
were sterile, three males of the genotype in question were mated
with ﬁve w1118 virgins. If no eggs hatched after seven days, the
genotype was considered sterile. dj-GFP ﬂies were obtained from
the Bloomington Stock Center (Bloomington, IN).
To construct pβ2tub-mCherry-AckFL and pβ2tub- GFP-PR2FL
plasmids, coding regions without stop codons of mCherry and
GFP were PCR ampliﬁed and cloned into pβ2tub (Huh et al., 2004)
and pUAST as EcoRI-NotI fragments, generating pβ2tub-mCherry
(RN), pβ2tub-GFP(RN), pUAST-mCherry(RN), and pUAST-GFP(RN),
respectively. Ack and PR2 coding sequences were excised from
GH10777 and LD28966 (Drosophila Genomic Resource Center, IN),and fused in-frame with pβ2tub-mCherry(RN), pβ2tub-GFP(RN),
pUAST-mCherry(RN), or pUAST-GFP(RN). The pβ2tub-mCherry-Ack
deletions, pβ2tub-mCherry-AckK156A, and pβ2tub-mCherry-AckCBM
mutants were generated by QuikChange kit (Agilent Technologies)
and standard molecular biology techniques. AckΔS, AckΔU, and
AckΔSH3 remove amino acids 1–90, 1013–1073, and 383–439,
respectively. To construct pβ2tub-GFP-Rab and pβ2tub-GFP-dock
plasmids, Rab5wt, Rab7wt, Rab11wt (Zhang et al., 2007), dockwt,
dockR336Q, and dock3WK (Rao and Zipursky, 1998) were PCR ampli-
ﬁed and cloned into pβ2tub-GFP(RN) as NotI-XbaI fragments.
To generate pDJ-mCherry-AckFL, we ﬁrst generated pDJ1 by
replacing the β2tub promoter in pβ2tub with a 412 bps XhoI-EcoRI
fragment (ampliﬁed by PCR), which contains dj upstream regula-
tory sequence and the 5′UTR (−320 to +83) (Blumer et al., 2002).
mCherry-AckFL was excised from pβ2tub-mCherry-AckFL and
cloned into pDJ1.
To generate pβ2tub-ACK1 and pβ2tub-TNK1 plasmids, ACK1 and
TNK1 cDNAs were excised from pYX-Asc-ACK1 (clone 6400209;
Openbiosystems) and pCMV-SPORT6-TNK1 (clone 4039780; Open-
biosystems) and cloned into pβ2tub as EcoRI-NotI fragments. The
TNK1 clone contained a missense mutation, changing the conserved
Ala206 to a Thr, and was repaired by QuikChange.
All the above mentioned constructs were veriﬁed by sequen-
cing (Purdue Genomics Core Facility), and transgenic ﬂies were
generated by P-element mediated transformation (Rubin and
Spradling, 1982).
Antibody and immunoﬂuorescence microscopy
Peptide corresponding to amino acid 494–505 (PHAKERKSTSSK)
of Ack was used to generate rabbit polyclonal antibodies (Paciﬁc
immunology). Immunostaining of testes was performed according
to Hime et al. (1996). Primary antibodies against Ack, phosphotyr-
osine (4G10; Millipore), Boss, and Lva (Sisson et al., 2000) were
used at 1:100, 1:100, 1:3000, and 1:100 dilutions, respectively.
AlexaFluor-conjugated secondary antibodies, AlexaFluor-conjugated
phalloidin (0.2 U/μl, Molecular Probes), and Hoechst (12.3 μg/μl,
Thermo Scientiﬁc) were used at 1:200, 1:1000 and 1:10,000,
respectively. Fluorescence micrographs for rescue experiments
and Boss staining were acquired at 25 1C with 4 (0.13) and 60
(1.25) lenses on a Disk Scanning Unit-enabled Olympus BX61
microscope equipped with a Hamamatsu DCAM-API camera. All
other micrographs were acquired with Zeiss LSM 710 laser scanning
confocal microscope.
Quantiﬁcation of elongated germ cell cysts
To count the cysts, testes from young (one day old) males,
stained with Hoechst and phalloidin, were imaged on an Olympus
BX-61 with Disk Spinning Confocal unit. Multiple 3D stacks (with
1 μm stepping size), representing the entire testes, were acquired
with a 40 (1.00) objective. The germ cell cysts in these stacks
were then classiﬁed (based on the nuclear and IC morphology) and
counted. The level of signiﬁcance was determined by a Student's t-
test. All quantitative data presented are the mean7s.d from at
least 14 testes.
Quantitative RT-PCR
Total RNA was isolated from dissected testes using RNeasy Mini
Kit (Qiagen), and reverse transcribed into cDNA using iScript cDNA
Synthesis Kit (Bio-Rad). For each PCR reaction, cDNA of approxi-
mately 1/8 of a testis was used as template. Reactions were
performed on a 7300 Real-Time PCR System (Applied Biosystems)
and analyzed with 7300 System Sequence Detection Software
(Applied Biosystems). The amount of Ack transcripts in each
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transcripts from the same sample.
Co-immunoprecipitation and western analysis
Endogenous Dock immunoprecipitation experiments were pre-
formed from testes extracts prepared from w1118 or β2tub-
mCherry-AckFL adults. Immunoprecipitation of the mCherry-
tagged Ack transgene was performed with lysates from β2tub-
mCherry-AckFL adult testis co-expressing GFP-tagged Dockwt,
DockR3336, or Dock3WK. Approximately 150 one-day old testes of
appropriate genotypes were dissected in PBS, snap frozen in liquid
nitrogen, and homogenized in 100 μl of RIPA buffer (150 mM NaCl,
1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris
pH 8.0, 0.2 mM sodium orthovanadate, 10 mM NaF, 0.4 mM EDTA,
10% glycerol) at 4 1C with a motorized pestle. Lysate volumes were
adjusted to 400 μl with RIPA buffer then sonicated with two 5 s
bursts of a microtip probe sonicator separated by chilling on ice.
The lysates were cleared by sequential centrifugations of 15 min at
16,000 g and 30 min at 100,000 g. For endogenous Dock
precipitation, 3 μl of α-Dock antiserum was added and incubated
for 1 h on ice to form immune complexes, which were subse-
quently isolated by incubation with 30 μl Protein-A agarose for one
hour at 4 1C with gentle rocking. For mCherry-Ack precipitation,
30 μl RFP trap-A (ChromoTek) beads were added to lysates for one
hour at 4 1C with gentle rocking. Beads containing immune
complexes were washed with RIPA buffer three times and bound
proteins were eluted in 30 μl 2 SDS loading buffer at 95 1C for
5 min. Samples were separated on 7.5% polyacrylamide gels,
transferred onto Immobilon (Millipore) membrane using semi-
dry transfer (BioRad; at 15 V for 30 min), and probed with UM133
α-Dock (Clemens et al., 1996) or α-JCD2 antibody (Clemens et al.,
2000) used at 1:1000 dilution. HRP-conjugated α-rabbit secondary
(Rockland Immunochemicals) antibody was used at 1:10,000, and
the blots were developed using Luminol Chemiluminescent HRP
Substrate (Thermo Scientiﬁc).
For western analysis of β2tub-mCherry-Ack constructs, 50 pairs
testes of each genotype were dissected in PBS and homogenized in
SDS loading buffer. Samples were boiled for 5 min, cleared by
centrifugation at 16,000 g for 10 min, separated on 6% polyacry-
lamide gels, and transferred onto nitrocellulose membrane
(Biorad). α-DsRed (Clontech) and HRP-conjugated α-rabbit sec-
ondary antibodies were used at 1:1000 and 1:10,000 dilutions in
PBS, 0.1% Tween-20, respectively.
For western band intensity quantitation, ﬁlms were scanned in
Photoshop (Adobe) using a ﬂatbed scanner (Canon 9950F) in
transparency mode. Western lane images were then analyzed
using the Gel Analysis tools in ImageJ (National Institutes of
Health) and the area under the peaks were measured. As α-Dock
antibody detects a ∼75 kD background band in the control, the
area of this background immunoreactive peak was subtracted from
all experimental input areas. The IP peak area to adjusted input
peak area ratios were calculated and normalized to GFP-dockwt.Results
Disruption of Ack function causes male sterility
The loss-of-function mutation Ack86, derived from imprecise
excision of the P element line KG00869, contains a 2.7 kb deletion
extending to the beginning of the second exon of the Ack transcrip-
tion unit (54 bps after ATG start; Fig. 1A) (Zahedi et al., 2008). To
ensure that no Ack mRNA is generated by cryptic transcription
initiation site, we performed quantitative RT-PCR analysis on testes
mRNA using ﬂuorogenic TaqMan oligonucleotides targeted againstAck exon2/3 junction (yellow box, Fig. 1A). While Ack mRNA was
detected in w1118 and augmented in β2tub-AckFL (which expresses
full-length Ack under germ cell-speciﬁc promoter; see below), it
was absent in Ack86 (Fig. 1B), demonstrating that Ack86 is a null.
Most of Ack86 homozygous ﬂies eclose with no signiﬁcant
morphological defects. The fact that Ack86 homozygous animals
could survive to adulthood indicates that Ack is not an essential
gene and no other recessive lethal mutations are present on the
Ack86 chromosome. Ack86 females are fertile, but Ack86 adult males
are completely sterile. To understand the cause of this sterility, dj-
GFP (don juan), which decorates the elongated mitochondria, was
used to visualize spermatids in the testes and mature sperm in the
seminal vesicles (Santel et al., 1997, 1998). Both w1118 (control) and
Ack86 mutant testes contained dj-GFP-positive spermatids (arrows,
Fig. 1C and D). However, while dj-GFP-positive sperm were seen in
w1118 seminal vesicles (arrowhead, Fig. 1C), Ack86 seminal vesicles
were empty (arrowhead, Fig. 1D), indicating that Ack has a role in
sperm production.
Ack86 spermatids fail to coil properly
The maintenance of germ stem cells and germ cell cytokinesis
appeared normal in Ack86 testes (not shown), suggesting that
removal of Ack function disrupts a late step of spermatogenesis. To
further understand how loss of Ack function perturbs spermato-
genesis, we stained one-day old w1118 and Ack86 testes with
Hoechst and phalloidin to visualize germ cell cysts at various
stages. In the coiled region, nuclear bundles before IC assembly,
with IC assembling, and with IC departed were observed in both
w1118 and Ack86 testes (Fig. 1E and H), suggesting that Ack86 does
not affect IC assembly and migration. Consistent with this, the
morphology of nuclear bundles and ICs, (Fig. 1F and I, insets) and
the number of ICs at various stages (assembling, migrating, and
disassembling; Fig. 1L) were comparable. However, while coiled
spermatids were easily seen in control testes (Fig. 1C, a high
magniﬁcation view in 1G), properly coiled spermatids were not
detected in Ack86 testes (Fig. 1D, a high magniﬁcation view in 1J).
To test whether Ack86 affects the progression of spermatid
differentiation, elongated spermatids at various stages were counted.
On average, w1118 testis (n¼15) contained 63.0713.0 elongated
cysts, which were further assigned into categories of 34.178.7
(54.1% of elongated cysts) pre-IC assembly cysts, 17.374.8 (27.4%)
cysts with assembling ICs, and 11.674.2 (18.5%) cysts with IC
departed (Fig. 1K). In comparison, Ack86 testis (n¼14) contained
64.1711.2 elongated cysts, which consisted of 21.074.1 (33.0%) pre-
IC assembly cysts, 19.174.4 (30.2%) cysts with assembling ICs, and
23.775.6 (36.8%) cysts with IC departed. Thus, while the numbers of
total elongated germ cell cysts and those with assembling ICs were
similar (p¼0.28), Ack86 had less pre-IC elongated cysts (po0.001),
but more elongated cysts with IC departed (po0.001). These
observations suggest that in Ack86 testes, spermatids proceed to
individualization early but fail to coil properly, resulting in an
accumulation of elongated cysts with IC departed.
Ack is required cell autonomously for spermatogenesis
To pinpoint the spatial and temporal requirement of Ack
function for male fertility, we generated β2tub-AckFL and β2tub-
mCherry-AckFL, which provide germ cell-speciﬁc expression of full-
length untagged and mCherry-tagged Ack, respectively. As β2-
tubulin promoter is only active in male germ cells at the primary
spermatocyte stage (Kemphues et al., 1982), rescue of Ack86
sterility by β2tub-AckFL would indicate that Ack function is
required cell autonomously for spermatogenesis. In β2tub-
mCherry-AckFL testes, mCherry-AckFL expression began at the
spermatocyte stage, persisted throughout spermatid elongation,
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conﬁrming the speciﬁcity of β2tub promoter. Both β2tub-AckFL and
β2tub-mCherry-AckFL rescued, as β2tub-AckFL/+; Ack86 and β2tub-
mCherry-AckFL/+; Ack86 males contained dj-GFP-positive sperm in
seminal vesicles and produced progeny when mated with w1118
females (compare Fig. 2H to G). The fact that β2tub-mCherry-AckFL
rescued Ack86 demonstrates that mCherry-AckFL is functional.
More importantly, these results indicate that Ack function for
sperm production is required cell autonomously in the germ cells.
To further deﬁne when Ack is required, we placed mCherry-
AckFL under dj control (dj-mCherry-AckFL), which contains transla-
tional regulatory elements to express transgenes post-meioticallyFig. 2. The requirement of Ack function in spermatogenesis is cell autonomous. ((A)–(F
((D)–(F)) testes stained with phallodin (green) and Hoechst (blue). Solid and dashed box
respectively. In β2Tub-mCherry-AckFL, expression of exogenous Ack is seen in spermatoc
spermatids (denoted by 2; inset in (C)), elongated spermatids with IC assembled (indica
AckFL is not seen until elongated spermatids with IC assembled (indicated by arrow an
decreases sharply when IC migration begins (indicated by arrowheads and 4 in (C) and (
AckFL/+ (H), and Ack86; dj-mCherry-AckFL/+ (I) testes expressing dj-GFP. Seminal vesic
bar¼100 μm. (J) A schematic representation of Drosophila and mouse Ack family genes
(light blue), and UBA (dark blue). In contrast, TNK1 and Ack lack CRIB. The ability of thes
and − for fail to rescue).(Blumer et al., 2002; Santel et al., 1997). Indeed, in dj-mCherry-
AckFL testes, mCherry-AckFL expression was not detected in sper-
matids until IC assembly, but decreased sharply as ICs begin to
migrate (Fig. 2D–F). Unlike β2tub-mCherry-AckFL, dj-mCherry-AckFL
could not rescue Ack86 (Fig. 2I), indicating that Ack function is
required at or after the spermatocyte stage but before IC assembly.
Mouse ACK1 can functionally substitute for Ack
To determine whether mammalian ACK1 is a functional ortho-
log of Ack, transgenic ﬂies expressing murine ACK1 and TNK1
under β2tub control (β2tub-ACK1 and β2tub-TNK1, respectively))) Fluorescent micrographs of β2Tub-mCherry-AckFL ((A)–(C)) and dj-mCherry-AckFL
es in (A) and (D) are shown at higher magniﬁcation in (B) and (E), and (C) and (F),
ytes (indicated by arrowheads and denoted by 1 in (B)), pre-IC assembly elongated
ted by arrow and 3 in (C)). In contrast, expression of exogenous Ack in dj-mCherry-
d 3 in (F)). In both β2Tub-mCherry-AckFL and dj-mCherry-AckFL, mCherry-Ack level
F)). ((G)–(I)) Spinning disc confocal micrographs of Ack86 (G), Ack86; β2Tub-mCherry-
les connected to the coiled regions of the testes are indicated by arrows. Scale
. ACK1 and PR2 contain SAM (orange), tyrosine kinase (purple), SH3 (green), CRIB
e genes to rescue Ack86-associated male sterility is shown on the right (+ for rescue
A.M. Abdallah et al. / Developmental Biology 378 (2013) 141–153146were generated. β2tub-ACK1 restored fertility and sperm formation
in Ack86 males (Fig. 2J). In contrast, germ cell-speciﬁc expression of
TNK1, which lacks CRIB (similar to Ack), failed to rescue Ack86
sterility (Fig. 2J). These results demonstrate that ACK1, not TNK1, is
the functional homolog of Ack.
To determine whether PR2, the other Drosophila Ack-related gene,
could functionally substitute for Ack in sperm formation, we gener-
ated β2tub-GFP-PR2FL and tested its ability to rescue Ack86. This GFP-
PR2FL fusion is functional, as ubiquitous expression using UAS-GAL4
system (Act5C4GFP-PR2FL) rescued the lethality of PR2c02472 (a loss-
of-function P element mutation of PR2). In differentiating male germ
cells, mCherry-AckFL and GFP-PR2FL both appeared as vesicular
structures around the cell periphery and showed considerable over-
laps (Supplemental Fig. 1). Nevertheless, β2tub-GFP-PR2FL could not
rescue the sterility of Ack86, indicating that Ack and PR2 are not
functionally interchangeable for spermatogenesis (Fig. 2J).The SAM, SH3, and kinase domains are indispensable for Ack function
in male fertility
To determine which Ack domains are critical for its function in
spermatogenesis, we placed various Ack constructs under β2tubFig. 3. Ack function in spermatogenesis requires SAM, tyrosine kinase, and SH3. (A) A sch
the SAM (orange), UBA (blue), and SH3 (green), respectively. K156A and CB are substitu
expressed Ack constructs to rescue Ack86-associated male sterility is indicated on the righ
While no band is seen in w1118 control, bands of expected sizes (mCherry-AckFL
AckΔSH3¼139.0 kD) are detected in mCherry-Ack lanes. ((C)–(G)) Spinning disc confoca
mCherry-AckK156A/+ (D), β2Tub-mCherry-AckCB/+ (E), β2Tub-mCherry-AckΔU/+ (F), and
bar¼100 μm.control (Fig. 3A), and tested their ability to rescue Ack86 male
sterility. These constructs include deletions removing the N-
terminal SAM motif (AckΔS), the SH3 domain (AckΔSH3), and the
C-terminal UBA (AckΔU). In addition, K156A and 549LID-AAA
substitutions have been introduced to disrupt the kinase domain
(AckK156A) and a putative clathrin-binding box (AckCB), respec-
tively. The abovementioned constructs were tagged with mCherry
at the N-termini, and their expressions were veriﬁed by western
analysis (Fig. 3B).
Similar to AckFL, germ cell-speciﬁc expression of AckCB and
AckΔU restored fertility and sperm production in Ack86 (Fig. 3E and
F). In contrast, β2tub-mCherry-AckΔS, β2tub-mCherry-AckK156A, and
β2tub-mCherry-AckΔSH3 failed to rescue Ack86 sterility (Fig. 3C, D,
and G), indicating that the SAM domain, kinase activity, and the
SH3 domain are critical for Ack function in sperm formation.Ack associates with peripheral clathrin-positive structures
To understand how Ack contributes to sperm development
at the cellular level, we determined its subcellular localization
using both β2tub-mCherry-AckFL and rabbit polyclonal αAck
antibody (Paciﬁc Immunology, CA). Immunostaining of wild-typeematic representation of Ack deletion and point mutants. ΔS, ΔU, and ΔSH3 remove
tions affecting the kinase (purple) and LIDIS motif. The ability of these exogenous
t. (B) Western analysis ofmCherry-Ack testis extracts probed with α-DsRed antibody.
¼145.3 kD, mCherry-AckΔS¼135.1 kD, mCherry-AckΔU¼138.9 kD, and mCherry-
l micrographs of Ack86; dj-GFP testes carrying β2Tub-mCherry-AckΔS/+ (C), β2Tub-
β2Tub-mCherry-AckΔSH3/+ (G). Seminal vesicles are indicated by arrows. Scale
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structures around the cell periphery (Supplemental Fig. 2). This
pattern was absent in Ack86, demonstrating that our antibody is
speciﬁc. Consistent with this, β2tub-mCherry-AckFL, which could
restore fertility of Ack86, exhibited a similar pattern.
To reveal the identity of these vesicular structures, we crossed
β2tub-mCherry-AckFL with ﬂies expressing ﬂuorescently tagged
organelle markers, including β2tub-GFP-Clc (clathrin; Fig. 4A–D),
β2tub-GFP-Rab5 (early endosome; Fig. 4E), β2tub-GFP-Rab7 (late
endosome/lysosome; Fig. 4F), β2tub-GFP-Rab11 (recycling endo-
some; Fig. 4G), β2tub-mito-GFP (mitochondria; Fig. 4H), and β2tub-
myr-GFP (plasma membrane; Fig. 4I). Of these, only GFP-Clc
showed signiﬁcant colocalization with mCherry-AckFL. β2tub-
GFP-Clc labels peripheral (presumably endocytic) and internal
clathrin-positive structures in spermatocytes (Zhou et al., 2011).
The internal structures are secretory in nature, as they colocalized
with Golgi/endosome-speciﬁc clathrin adaptor AP1 (Hirst et al.,
2009; Zhou et al., 2011) and were in the vicinity of Lva- (lava lamp)
positive structures (Fig. 4D). Although mCherry-AckFL colocalized
extensively with peripheral clathrin-positive structures, it showed
less overlap with secretory clathrin (Fig. 4A–D).
Consistent with the fact that Ack kinase activity is critical for its
function in spermatogenesis, these peripheral AckFL-positive
puncta were labeled by 4G10 anti-phosphotyrosine antibody
(Supplemental Fig. 2C); however, the level of 4G10 staining
remained high around the cell periphery of Ack86 spermatocytes
(Supplemental Fig. 2D), indicating that Ack is not solely respon-Fig. 4. Ack is localized to endocytic clathrin structures in spermatocytes. ((A)–(D
spermatocytes stained with α-Lva antibody (blue in (D)). Ack (A) exhibits overlaps with
near Lva-positive structures ((C), arrow). ((E)–(I)) Confocal micrographs of β2Tub-mCherr
rab11 (G), β2Tub-mito-GFP (H), and β2Tub-src-GFP (I). Inset in (H) shows spermatids expre
(K)) Fluorescent micrographs of w1118 (J) and Ack86 (K) eye discs stained with α-Boss anti
dots indicated by arrows), is internalized into neighboring cells (trailing smaller dots ind
internalization is seen in both w1118 and Ack86 eye disc cells. Scale bar¼5 μm. (L) Co
bar¼5 μm.sible for all the tyrosine phosphorylation events associated with
these structures.
The fact that Ack associates with endocytic clathrin structures
implies that Ack participates in clathrin-mediated endocytosis;
however, Sevenless receptor-mediated internalization of Boss
(Bride of sevenless), a process known to depend on dynamin
(Cagan et al., 1992; Kramer and Phistry, 1996), appeared unaffected
in Ack86 eye discs (Fig. 4J–K). Comparable numbers of clusters
containing internalized Boss (45.9% for wild type and 49.7% for
Ack86) were seen in both wild type and Ack86 eye discs. Further-
more, GFP-Clc distribution was unaffected in Ack86 spermatocytes,
indicating that Ack has no role in regulating clathrin localization
(Fig. 4L). Thus, although Ack co-localizes extensively with endo-
cytic clathrin sites, we were unable to detect a role of Ack in
clathrin-mediated endocytosis.
The SAM and SH3 domains are critical for Ack subcellular localization
To understand how Ack localizes to peripheral clathrin struc-
tures in spermatocytes, we analyzed the distribution of aforemen-
tioned Ack mutant proteins to deﬁne domains critical for its
subcellular localization. As ACK1 is known to dimerize, the
localization of these mCherry-tagged Ack mutants was analyzed
in Ack86 background to avoid complication caused by dimerization
with endogenous Ack. Consistent with the previous ﬁnding that
the SAM domain is essential for ACK1 membrane association
(Galisteo et al., 2006; Prieto-Echague et al., 2010a), the localization)) Laser scanning confocal micrographs of β2Tub-mCherry-AckFL, β2Tub-GFP-Clc
clathrin (B) around the cell periphery (arrowheads), but less with those that are
y-AckFL spermatocytes carrying β2Tub-GFP-rab5 (E), β2Tub-GFP-rab7 (F), β2Tub-GFP-
ssing mCherry-AckFL and mito-GFP. DNA is shown in blue. Scale bar¼5 μm. ((J) and
body. Boss, a transmembrane ligand expressed on the apical surface of R8 cells (big
icated by arrowheads) via clathrin-mediated endocytosis. Comparable level of Boss
nfocal micrograph of Ack86 spermatocytes expressing GFP-tagged clathrin. Scale
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cantly disrupted (Compare Fig. 5B to Fig. 5A). In addition, the SH3
domain appears to have a role in Ack localization, as the pattern of
mCherry-AckΔSH3 was predominantly cytoplasmic, not vesicular
(Fig. 5F).
Similar to AckFL, AckK156A and AckΔU exhibited signiﬁcant
spatial overlap with peripheral clathrin, indicating that kinase
activity and the UBA domain are not essential for Ack localization
(Fig. 5C and E). In addition, abolishing the putative clathrin-
binding motif (AckCB) did not noticeably affect Ack colocalization
with clathrin (Fig. 5D), suggesting that either this motif has no role
in Ack protein distribution or an additional motif(s) contributes to
Ack localization.
To ask whether Ack localization depends on clathrin, we ﬁrst
examined mCherry-Ack distribution in cells deﬁcient in clathrin
function. In Chc4 (a partial loss-of-function mutation in clathrin
heavy chain) spermatocytes, mCherry-Ack localization appeared
normal (Fig. 5G), implying that Ack subcellular localization is
clathrin-independent. However, as this allele only partially dis-
rupts clathrin (Peralta et al., 2009), the residual clathrin function
in Chc4 might have been sufﬁcient for localizing Ack (we were
unsuccessful in generating mutant clones of spermatocytes using
the strong Chc1 allele). Thus, to determine whether clathrin could
recruit Ack, we took advantage of the fact that Ack in spermato-
cytes colocalizes mostly with endocytic sites and clathrin in
salivary gland predominantly associates with secretory structures
(Burgess et al., 2011). We reasoned that if the subcellular localiza-
tion of Ack relies on clathrin, exogenously expressed Ack in
salivary gland cells should associate with clathrin-positive struc-
tures in the secretory pathway. Indeed, mCherry-Ack exhibitedFig. 5. Ack localization requires SAM and SH3. ((A)–(F)) Laser scanning confocal microgr
β2Tub-mCherry-AckΔS (B), β2Tub-mCherry-AckK156A (C), β2Tub-mCherry-AckCB (D), β2Tub-m
are shown in green, red, and blue, respectively. Scale bar¼5 μm. (G) Fluorescent confo
((H)–(K)) Confocal image of Act5C-GAL4, UAS-GFP-Clc; UAS-mCherry-AckFL salivary glandsigniﬁcant spatial overlaps with secretory clathrin structures in
Act5C4mCherry-Ack salivary gland cells (Fig. 5H–K), suggesting
that clathrin is capable of inﬂuencing Ack localization.
Ack is required for Dock localization in male germ cells
Mammalian ACK1 is known to bind to Nck, a SH2- and SH3-
containing adaptor protein (Galisteo et al., 2006). Similarly, Dock,
the Drosophila Nck homolog, interacts with Ack in S2 cells (Worby
et al., 2002), although the signiﬁcance of this interaction in vivo
remains unclear. In ﬂies, dock is an essential gene and has been
implicated in axonal guidance and targeting (Desai et al., 1999;
Garrity et al., 1996). To ask if Ack forms a complex with Dock
during spermatogenesis, lysates prepared from w1118 and β2tub-
mCherry-AckFL testes were immunoprecipitated with α-Dock anti-
body, followed by western analysis with α-Ack antibody (Fig. 6A).
In w1118 extract, a faint band corresponding to the endogenous Ack
was detected. Likewise, a band corresponding to the exogenously
expressed mCherry-Ack was seen in β2tub-mCherry-Ack extract,
indicating that Dock forms a complex with Ack in testes. No Ack
band was detected in the absence of α-Dock antibody (mock
lanes), demonstrating the speciﬁcity of this interaction.
To determine the functional signiﬁcance of this Ack-Dock
interaction, we generated β2tub-GFP-dock (Fig. 6B) and asked if
Dock localization in differentiating germ cells requires Ack. In early
β2tub-GFP-dock primary spermatocytes, Dock appeared as puncta
around the cell periphery (Fig. 6C) and at the ring canals (Supple-
mental Fig. 3A–C). In late primary spermatocytes, Dock was
localized to large vesicular structures (Supplemental Fig. 3D).
The presence of Dock in these structures persisted in secondaryaphs of Ack86; β2Tub-GFP-Clc/+ spermatocytes expressing β2Tub-mCherry-AckFL (A),
Cherry-AckΔU (E), and β2Tub-mCherry-AckΔSH3 (F). Clathrin, Ack constructs, and DNA
cal micrograph of Chc4/Y; β2Tub-mCherry-AckFL/+ spermatocytes. Scale bar¼5 μm.
cells stained with α-Lva antibody (blue). Scale bar¼10 μm.
Fig. 6. Dock localization requires Ack. (A) Endogenous Dock interacts with Ack in testes. Western analysis of w1118 and β2Tub-mCherry-AckFL testis lysates immunopre-
cipitated with α-Dock antibody and blotted with α-Ack antibody. A faint band corresponding to endogenous Ack is seen in w1118 IP lane, whereas a band corresponding to
exogenously expressed mCherry-tagged Ack is seen in β2Tub-mCherry-AckFL lane (indicated by asterisks). No Ack band is detected in mock lanes, where α-Dock antibody is
omitted during the immunoprecipitation. 3% of the lysates prior to IP are saved and loaded as input. ((B)–(F)) Confocal micrographs of β2Tub-GFP-dock testis stained with
phalloidin (red) and Hoechst (blue). (B) A low magniﬁcation view showing that Dock distribution, like Ack, decreases signiﬁcantly in elongating germ cell cysts. Scale
bar¼100 μm. ((C)–(G)) Dock localization in primary spermatocytes (C), pre-elongation spermatids (D), the nuclear ends of elongated spermatids (E), and the tail end of an
elongated spermatid (F) is shown in green. Inset in (F) shows the cross-section of the ring-shaped structures at the tail end of an elongated germ cell cyst. (G) Confocal image
of β2Tub-GFP-dock/+; β2Tub-mCherry-AckFL/+ spermatocytes. Hoechst-stained DNA is shown in blue. Scale bar¼5 μm. ((H)–(J)) Confocal micrographs of Ack86 spermatocytes
expressing β2Tub-GFP-dock (H), β2Tub-GFP-dock and β2Tub-mCherry-AckFL (I), and β2Tub-GFP-dock and β2Tub-mCherry-AckK156A (J). Scale bar¼5 μm.
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levels of Dock were seen in nuclei at these stages (Fig. 6D, arrow-
heads). In elongating spermatids with canoe-shaped nuclei (not
fully condensed), puncta intensely stained with Dock were seen in
a region behind the nuclei at the nuclear ends (Fig. 6E, arrow) and
in ring-like structures near the tail ends (Fig. 6F, arrowhead; inset).
As spermatid elongation progressed, punctate Dock staining at the
nuclear ends appeared to move farther away from the nuclei and
became more compact (Fig. 6E, arrowhead). Similar to mCherry-
Ack, Dock protein levels decreased prior to individualization
(Fig. 6B).
During sperm differentiation, Dock colocalized extensively with
Ack (Fig. 6G, arrowhead) and peripheral clathrin (Supplemental
Fig. 3), suggesting that Ack has a role in localizing Dock proteins.
Indeed, vesicular Dock staining around the cell periphery was
absent in Ack86 spermatocytes (Fig. 6H). In addition, the intense
Dock staining beneath nuclei and the Dock-positive ring-like
structures at tails ends of Ack86 elongating spermatids were also
absent (not shown). Moreover, Dock subcellular distribution
requires Ack kinase activity, as β2tub-mCherry-AckFL, but not
β2tub-mCherry-AckK156A, restored vesicular Dock localization in
Ack86 spermatocytes (Fig. 6I and J). It is worth mentioning that
the presence of GFP-dockwt at the ring canals remained in Ack86
spermatocytes (Fig. 6H), indicating that not all of Dock localization
depends on Ack.
The Dock SH2 domain is essential for its localization in male germ
cells
To ask which Dock domain is required for its localization, we
generated β2tub-GFP-dock3WK and β2tub-GFP-dockR336Q (Fig. 7A),
which provide germ cell-speciﬁc expression of mutant Dock with
all three SH3 domains or the SH2 domain disrupted, respectively
(Rao and Zipursky, 1998). Interestingly, while the level of GFP-dockwt
and GFP-dockR336Q decreased before individualization, GFP-dock3WK
proteins persisted at high level after individualization (Fig. 7B and C),
suggesting that SH3 domains have a role in regulating Dock protein
stability. Nevertheless, in spermatocytes, GFP-dock3WK appeared as
puncta around the cell periphery, similar to those of wild type
(Fig. 7D). In β2tub-GFP-dockR336Q spermatocytes, Dock-positivevesicular structures were lost (Fig. 7E), demonstrating that the SH2
domain is critical for Dock subcellular localization.
The dependence on the SH2 domain for Dock localization
suggests that this domain contributes to Dock's ability to form a
complex with Ack. To test this hypothesis, lysate from testes
expressing mCherry-AckFL and various GFP-dock constructs (i.e.
GFP-dockwt, GFP-dock3WK, and GFP-dockR336Q) were immunopre-
cipitated with RFP-trap (ChromoTek), followed by western analysis
with α-Dock antibody (Fig. 7F). While similar levels of GFP-dockwt
and GFP-dockR33Q (indicated by the input lanes) were seen in
lysates, less DockR33Q was detected in the precipitates (normalized
intensity ratio (see M&M for details) of precipitated DockR336Q/
input DockR336Q was 25.3% of precipitated Dockwt/input Dockwt),
indicating that disruption of the SH2 domain strongly perturbs the
formation of Ack-Dock complex. On the other hand, normalized
intensity ratio of precipitated Dock3WK/input Dock3WK was 76.8%
of precipitated Dockwt/input Dockwt, suggesting that SH3 domains
have a lesser role in facilitating interaction with Ack.Discussion
We show here that removal of Ack function completely disrupts
sperm formation. Morphological examination suggests that the
development of Ack86 germ cells progresses normally through
cytokinesis, spermatid elongation, and individualization, but is
disrupted at the coiling stage. Germ cell-speciﬁc expression of Ack
restores fertility, indicating that the requirement of Ack function
for spermatogenesis is cell autonomous. Using dj-mCherry-Ack, we
further reﬁne the temporal requirement of Ack function to a
period between spermatocyte stage and IC assembly. Thus,
although the developmental defects of Ack86 germ cell cysts are
manifested at the coiling stage, the time of action for Ack in
spermatogenesis is earlier.
Mammals and Drosophila both have two Ack-related genes, differ-
ing by the presence of CRIB domain. Although Ack resembles TNK1 in
domain organization (both lack CRIB), it exhibits higher sequence
similarity to ACK1. Rescue experiments show that ACK1, but not TNK1,
can functionally substitute for Ack during spermatogenesis. These
Fig. 7. Dock localization requires the SH2 domain. (A) A schematic representation of dock constructs with the SH3 and SH2 domains indicated by blue and orange boxes,
respectively. ((B) and (C)) Fluorescent micrographs of β2Tub-GFP-dock3WK (B) and β2Tub-GFP-dockR336Q (C) testes stained with phalloidin (red) and Hoechst (blue). Scale
bar¼100 μm. ((D) and (E)) Laser scanning confocal micrographs of β2Tub-GFP-dock3WK (D) and β2Tub-GFP-dockR336Q (E) spermatocytes. Scale bar¼5 μm. (F) Western analysis
of w1118 and β2Tub-mCherry-AckFL testis lysates immunoprecipitated with RFP-Trap beads and blotted with α-Dock antibody. While similar levels of tagged Dock proteins are
seen in β2Tub-GFP-dockwt and β2Tub-GFP-dockR336Q input, less DockR336Q is seen in the IP lane. No GFP-dock is present in the IP with β2Tub-mCherry-AckFL lysate, although a
non-speciﬁc band migrating around 75 kD is detected in the input (also detected in w1118 lysate, not shown) by α-Dock antibody. 3% of the lysates prior to IP are saved and
loaded as input.
A.M. Abdallah et al. / Developmental Biology 378 (2013) 141–153150observations demonstrate that ACK1, while containing CRIB, is the
functional homolog of Ack.
Given that Ack is widely expressed during development and
interacts with two essential genes (Cdc42 and dock), it is surprising
that mutants homozygous for Ack86, a null allele, could survive till
adulthood. One possible explanation for this weak phenotype of
Ack86 in animal viability is that Ack-mediated cellular processes
are redundant for viability, but spermatogenesis is particularly
sensitive to the absence of Ack because of its unusual morphogen-
esis. Indeed, this phenotypic speciﬁcity has been observed in
mutants of several genes regulating Golgi function (e.g. four way
stop (fws) and Brunelleschi (bru)), which are thought to provide
lipids to fulﬁll the high membrane demand required for male germ
cell divisions (Farkas et al., 2003; Robinett et al., 2009). Alterna-
tively, it is possible that PR2, the other Drosophila Ack-related gene,
could compensate in essential functions. However, unlike Ack,
removal of PR2 function causes animal lethality, indicating that
Ack and PR2 have non-overlapping functions during development.
The difference in Ack and PR2 subcellular localizations also
suggests that they have distinct cellular roles. In support of this,
germ cell-speciﬁc expression of PR2 fails to rescue Ack86-asso-
ciated sterility. Thus, although related in sequence and domain
organization, Ack and PR2 are not functionally redundant, even
when expressed in the same cells. Rescue experiments with
chimeras are needed to deﬁne domains conferring speciﬁcities to
these Ack family genes.During spermatid individualization, the apoptotic machinery is
thought to facilitate the breakdown of cellular organelles in waste
bags. In support of this, cleaved caspase-3 staining can be seen
ahead of migrating ICs (Huh et al., 2004), and disruption of cell
death genes causes defects in individualization and sperm forma-
tion (Arama et al., 2003; Huh et al., 2004). It has been recently
demonstrated that Ack has anti-apoptotic function in response to
EGF signaling during eye development, and the level of caspase-3
activation increases slightly in individualizing Ack86 germ cell cysts
(Schoenherr et al., 2012). These observations suggest that Ack86
may abolish sperm formation by disrupting the function of cell
death genes. However, Ack, while required for male fertility, does
not appear to function during individualization, as IC assembly and
migration were normal in Ack86 spermatids. Thus, while an anti-
apoptotic role of Ack during eye development is evident
(Schoenherr et al., 2012), whether Ack regulates apoptotic genes
during spermatogenesis requires further investigation.
In spermatocytes, functional mCherry-Ack associates mostly
with clathrin-positive structures around the cell periphery, and
less with those in the secretory pathway. This distribution of Ack
proteins is not caused by over expression, as endogenous Ack
proteins, revealed by antibody staining, exhibit a similar distribu-
tion. Our results are consistent with the observation that mam-
malian ACK1 associates with clathrin-positive structures in
cultured cells, especially in those expressing GTP hydrolysis-
defective dynamin (Shen et al., 2011). This association of Ack with
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mediated endocytosis. Indeed, ACK1 has been shown to regulate
the internalization of transferrin receptor and EGFR (Grovdal et al.,
2008; Teo et al., 2001). C. elegans SID-3, an Ack-related protein, has
recently been shown to mediate the intercellular transport of
dsRNA (Jose et al., 2012). However, using a Boss internalization
assay in eye discs, we were unable to detect endocytic defects in
Ack86 animals. In addition, clathrin localization appears unper-
turbed in spermatocytes completely lacking Ack function. Thus,
while a role of Ack in clathrin-mediated endocytosis cannot be
excluded, our results suggest that this role, if there is one, is either
minor or cargo-speciﬁc.
Clathrin-mediated transport has been suggested to facilitate
lipid transport from the Golgi to sustain the membrane increase
required for spermatid elongation (Zhou et al., 2011). The associa-
tion of Ack with clathrin suggests that it could have a role in
regulating this lipid transport required for the rapid membrane
growth. However, in spermatocytes, Ack localizes preferentially to
clathrin-positive structures around the cell periphery, which are
endocytic in nature. More importantly, Ack86 phenotype in sperm
development is distinct from those of fws, bru, and Chc (Fabrizio
et al., 1998; Farkas et al., 2003; Robinett et al., 2009). In addition,
the staining of myr-GFP (which labels the plasma membrane) in
Ack86 elongated spermatids appeared normal (not shown). Collec-
tively, these observations do not support a role of Ack in providing
membrane for spermatid elongation.
How does Ack localize to endocytic clathrin sites? A putative
clathrin-binding motif (549-LIDIS) has been reported for Ack (Teo
et al., 2001), although we show that disruption of this motif has no
apparent effect on Ack localization and function in spermatogen-
esis. In vitro analysis has shown that murine ACK1 interacts
directly with clathrin via two motifs, 496-LLSVE and 584-LIDFG
(Shen et al., 2011). However, ACK1A4, which bears mutations
inactivating both motifs, remains associated with clathrin-
positive structures in cells, implying that interaction other than
ACK1-clathrin binding contributes to ACK1 localization (Shen
et al., 2011). It is possible that, like ACK1, Ack contains additional
motifs capable of interacting with clathrin directly and is localized
to endocytic sites by other interactions.
Analysis of the deletion constructs suggests that the SAM and
SH3 domains are critical for Ack subcellular localization. Consis-
tent with our observations, SAM has been demonstrated to
mediate ACK1 dimerization and membrane association (Galisteo
et al., 2006; Prieto-Echague et al., 2010a). The SH3 domain, while
not known to contribute to ACK1 localization, has been shown to
regulate ACK1 kinase activity (Lin et al., 2012). This raises a
possibility, in which the SH3 deletion disrupts Ack localization
by perturbing Ack kinase activity. However, the fact that AckK156A
localizes properly argues against this scenario, as Ack kinase
activity does not appear to have a role in Ack localization. It may
be that SH3 facilitates the recruitment of Ack to endocytic clathrin
structures by binding to PPXP-containing signaling molecules
already present in clathrin sites. It is critical to identify factors
interacting with SAM and SH3 to pinpoint how these domains
contribute to Ack function and subcellular localization. In any case,
the fact that SAM and SH3 domains are also essential for Ack
function in sperm production suggests that the localization of Ack
to endocytic clathrin sites contributes to its function in sperm
formation.
ACK1 is known to interact with Nck, an adaptor with three SH3
domains and a C-terminal SH2 domain (Galisteo et al., 2006; Teo
et al., 2001). In Drosophila, dock, the Nck homolog, has been
implicated in axonal targeting of photoreceptors (Garrity et al.,
1996), but its role in male germ cell development has not been
investigated. We show that Dock colocalizes with Ack extensively
during spermatogenesis, and the presence of Dock puncta aroundthe cell periphery in spermatocytes requires Ack. Immunoprecipi-
tation experiments further show that Dock and Ack form a
complex in testes. Together, these results suggest that Ack recruits
Dock to endocytic sites to facilitate sperm formation.
The fact that dock, but not Ack, is an essential gene suggests
dock has functions that are Ack-independent. Indeed, Dock loca-
lization near the ring canals remains in Ack86 spermatocytes,
indicating that not all Dock localization is Ack-dependent. These
ring canals, derived from incomplete cytokinesis of differentiating
male germ cells, are known to contain phosphotyrosines (Hime
et al., 1996), suggesting that SH2-phosphotyrosine interaction is
important for localizing dock to the rings as well. In support of
this, disruption of the SH2 domain renders Dock cytoplasmic in
spermatocytes. Thus, while the identity of the putative tyrosine
kinase(s) responsible for recruiting Dock to the ring canals remains
unclear, our results suggest that Dock localization during sperma-
togenesis depends on at least two tyrosine kinases.
Rescue analysis indicates that Ack kinase activity is required for
spermatogenesis. In cancers, phosphorylation by ACK1 has been
suggested to activate AKT by facilitating recruitment of AKT to the
membrane (Mahajan et al., 2007). Two lines of evidence suggest
that Akt is not a relevant substrate for Ack under physiological
conditions. First, β2tub-Aktmyr, which provides germ cell-speciﬁc
expression of a membrane associated Akt (Drosophila Akt tagged
with a myristylation signal), does not rescue Ack86 sterility (not
shown). In addition, Akt does not interact genetically with Ack
during eye development (Schoenherr et al., 2012). Instead, given
that SH2 is critical for Dock localization, we propose that Ack-
dependent tyrosine-phosphorylation provides phosphotyrosines
for recruiting Dock to speciﬁc sites during spermatogenesis.
Indeed, while AckFL rescues male fertility and Dock localization,
AckK156A, even though being localized properly, is unable to restore
Dock subcellular distribution. The fact that AckK156A localizes
properly in cells with mislocalized Dock suggests that Ack locali-
zation does not rely on Dock. Future experiments are needed to
determine whether this Ack-dependent Dock localization is
mediated by phosphotyrosines in Ack generated by autophosphor-
ylation or by Ack-dependent phosphorylation of another protein.
Nck is known to interact with WASp, an actin nucleation
protein, via multivalent SH3/PPxP interactions (Rivero-Lezcano
et al., 1995; Rohatgi et al., 2001). Interestingly, disruption of WASp
and Cdc42 function in cyst cells has been shown to non-cell
autonomously impair spermatid docking and maturation (Rotkopf
et al., 2011). While a cell autonomous role of WASp in sperm
formation has not been demonstrated, our analysis of Ack and dock
certainly supports this possibility. Consistent with this, WASp in
elongated spermatids colocalizes with Dock in the region under-
neath partially condensed nuclei and this WASp localization is
Ack-dependent (A.A. manuscript in preparation). It is possible that
recruitment of Dock and WASp by Ack near the nuclear ends of
elongating germ cells also contributes to spermatid docking, and
disruption of which renders spermatids incapable of coiling.
As ACK1 ampliﬁcation has been linked to enabling metastasis, a
better understanding of Ack cellular function can clearly beneﬁt the
battle against cancers. Our demonstration that Ack and Dock are
essential for male sterility provides a robust process to further dissect
the functions of these two genes. In addition, Drosophila spermato-
genesis, with its accessibility to genetics and cell biological manip-
ulations, should aid in identifying and characterizing upstream
regulators and downstream effectors of this important pathway.Acknowledgements
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